Effect Of Hydrogen Peroxide And Lead Nitrate In The Cyanidation Leaching Of Gold Ore Sample by Ong , Pek Ling
ii 
 
EFFECT OF HYDROGEN PEROXIDE AND LEAD NITRATE IN THE 


















Thesis submitted in fulfillment of the requirements 
for the Degree of 









  Firstly, I would like to express my deep and sincere gratitude to my 
supervisor, Dr. Norlia Baharun for her guidance and kindness.  She is my inspiration 
and her wide knowledge has been of great value to me.  Her caring, understanding, 
perseverance and courage have provided me a good foundation for this research 
work.  Without her advice and knowledge, this research would be impossible. 
 Special thanks to the Dean of School of Material and Mineral Resources 
Engineering, Professor Dr. Zuhailawati Bt. Hussain for her permission to let me used 
all the facilities and equipment in the school laboratories in completing my research 
project. I would like to extend my appreciation to Dr. Suhaina for spending time with 
me sharing her knowledge regarding the research and not to forget, Assoc. Prof. Dr 
Kamar Shah, Dr. Sivakumar and other lecturers for their precious advice on this 
research work. I wish to extend my warmest thanks to all technicians who have 
helped me with my research.   They are Mr. Zulkarnain, Mdm. Fong Lee Lee, Mdm. 
Haslina, Mr. Azrul, Mr. Abdul Rashid, Mr. Mohd. Azam, Mr. Syafiq, Mr. Shahrul, 
Mr. Kemuridan and Mr. Mokthar.  
 In addition, I am in debt with Universiti Sains Malaysia, USM for granting 
me research fund which are the Research University Postgraduate Research Grant 
Scheme to support this research project and USM Fellowship for financing me 
through the research. Thank you USM for the support. 
 I owe my loving thanks to my family members especially my grandmother 
who is supportive and generous with her encouraging words that help me to keep up 
with my research work. Without her, I would probably do not have the chance to 
proceed to this level of academic achievements. Furthermore, this research work 
iv 
 
would not be completed in time without the helping hand from my friends Pi Lin, 
Kuan Yong, Dr. Liu Wei Wen, Dr. Ang Gaik Tin, Li Mooi, Dr. Khe, Mrs. Khe, Lian 
Na, Dr. Ratna, Shazlin and my fellow research colleagues. Therefore, I again would 
like to express my gratitude to them all. Last but not least, it is a great pleasure to 
thank all those who have made this thesis possible.  
 





















TABLES OF CONTENTS 
  
Acknowledgements………………………………………………………………... ii 
Table Of Contents…………………………………………………………………. iv 
List Of Tables……………………………………………………………………… x 
List Of Figures…………………………………………………………………….. xiv 
List Of Abbreviations……………………………………………………………… xx 




CHAPTER 1 – INTRODUCTION  
1.1 Research Background................................................................................... 1 
1.2 Gold Occurrence in Peninsular Malaysia…………………………………. 2 
1.3 Problem Statement………………………………………………………… 4 
1.4 Research Objectives……………………………………………………….. 6 
1.5 Significant of Research……………………………………………………. 6 
1.6 Scope of Research…………………………………………………………. 8 
1.7 Research Outline…………………………………………………………... 10 
 
CHAPTER 2 – LITERATURE REVIEW 
 
2.1 Classification of Gold Ore and Mode of Occurrences…………………….. 11 
2.2 Physical and Chemical Properties of Gold………………………………... 14 
2.3 Mineralogical Studies……………………………………………………... 16 
2.4 Sampling of Ores…………………………………………………….......... 17 
vi 
 
2.5 Gold Determination……………………………………………………….. 18 
 2.5.1 Fire Assay…………………………………………………………. 19 
 2.5.2 Aqua Regia Acid Digestion……………………………………….. 21 
2.6 Lixiviant for Gold Dissolution…………………………………………….. 23 
2.7 Cyanidation of Gold………………………………………………………. 24 
 2.7.1 Chemistry of Cyanide Solution…………………………………… 27 
 2.7.2 Factors Affecting Gold Cyanide Dissolution……………………... 29 
             2.7.2.1 Effect of Particle Size Fraction……………………............. 31 
             2.7.2.2 Effect of Cyanide Concentration…………………….......... 31 
             2.7.2.3 Effect of Hydrogen Peroxide Concentration……………… 32 
             2.7.2.4 Effect of Addition of Lead (II) Nitrate……………………. 33 
             2.7.2.5 Behaviour of gangue mineral in cyanide solution………… 35 
2.8 Statistical Analysis………………………………………………………… 39 
 2.8.1 Response Surface Methodology – Central Composite Design……. 40 
 2.8.2 Model Evaluation………………………………………………….. 43 
 2.8.3 Path of Steepest Ascent…………………………………………… 44 
2.9 Determination of Reaction Order………………………………………….  45 
 2.9.1 First Order Reaction………………………………………………. 46 
 2.9.2 Second Order Reaction……………………………………………. 47 
 2.9.3 Van’t Hoff Differential Method…………………………………… 48 
2.10 Cyanide Reflux-Distillation……………………………………………….. 49 
2.11 Gold and Gangue Elements Analysis……………………………………... 50 
 2.11.1 Flame Atomic Absorption Spectrometry………………………….. 50 
 2.11.2 Inductive Coupled Plasma- Optical Emission Spectrometry……… 52 
 2.11.3 Neutron Activation Analysis……………………………………… 54 
vii 
 
2.12 Summary of Literature Review…………………………………………… 55 
 
CHAPTER 3 – MATERIALS AND METHODS 
 
3.1 Materials…………………………………………………………………... 56 
 3.1.1 Gold Ore Sample 56 
 3.1.2 Chemical Reagents 57 
3.2 Research Methodology……………………………………………………. 59 
3.3 Gold Ore Sample Characterization………………………………………... 64 
 3.3.1 Mineralogical Studies…………………………………................... 65 
3.4 Quantitative Determination of Gold………………………………………. 66 
 3.4.1 Fire Assay Method………………………………………………… 66 
 3.4.2 Aqua Regia Acid Digestion Method………………………………. 66 
3.5 Determination of Total Extractable Gold………………………………….  67 
3.6 Elemental Analysis in The Determination of Gangue.................................. 67 
3.7 Instrumentation Analysis in Gold and Gangue Determination..................... 68 
 3.7.1 Samples and Standard Solutions Preparation for Flame Atomic  
            Absorption Spectrometry Analysis................................................... 
 
68 
 3.7.2 Samples and Standard Solutions Preparation for Inductively  
            Coupled Plasma – Optical Emission Spectrometry.......................... 
 
70 
3.8 Other Instrumentation Technique……………………………………......... 72 
 3.8.1 Neutron Activation Analysis ……………………………………... 72 
3.9 Optimization of Cyanidation Condition…………………………………... 73 
 3.9.1 Statistical Analysis………………………………………………… 73 
3.10 Determination of Free Cyanide in Gold leaching solution........................... 76 




3.12 Summary of Research Methodology ……………………………………... 77 
 
CHAPTER 4 – RESULTS AND DISCUSSIONS 
 
4.1 Overview …………………………………………….................................. 78 
4.2 Mineralogical Studies……………………………………………………... 79 
 4.2.1 Gold Ore Samples…………………………………………………. 79 
 4.2.2 Ore Microscopy Observation……………………………………… 80 
 4.2.3 Gold Ore Samples Characterization by X-Ray Techniques………. 82 
             4.2.3.1 Scanning Electron Microscope / Energy Dispersive X-ray  
                       Analysis……………………………………………………. 
82 
             4.2.3.2 X – Ray Mapping…………………………………………. 88 
             4.2.3.3 X-Ray Fluorescence Analysis……………………………... 89 
             4.2.3.4 X-Ray Diffraction Analysis………………………………. 93 
4.3 Gold Determination……………………………………………………….. 94 
 4.3.1 Acid Digestion…………………………………………………….. 94 
 4.3.2 Fire Assay…………………………………………………………. 98 
             4.3.2.1 Solid Residue Characterization from Fire Assay Parting  
                        Process…………………………………………………….. 
98 
4.4 Other Instrumentation Analysis for Gold…………………………………. 100 
 4.4.1 Neutron Activation Analysis……………………………………… 100 
4.5 Determination of Free Milling Gold and Refractory Gold………………... 100 
4.6 Determination of Gangue Elements……………………………………….. 101 
4.7 Characterizations and Analysis of Gold Ore Samples……………….......... 104 
4.8 Factors Affecting Cyanide Leaching……………………………………… 105 
ix 
 
 4.8.1 Effect of Particle size Fraction……………………………………. 105 
 4.8.2 Effect of Cyanide Concentration…………………………………. 108 
 4.8.3 Effect of Hydrogen Peroxide Addition……………………………. 110 
 4.8.4 Effect of Lead Nitrate Addition…………………………………… 114 
4.9 Response Surface Methodology – Central Composite Design……………. 117 
 4.9.1 Model Evaluation………………………………………………….. 118 
 4.9.2 Residual Analysis………………………………………………….   121 
 4.9.3 Effects of Main Factors…………………………………………… 125 
 4.9.4 3D Surface Model………………………………………………….  128 
 4.9.5   Model Verification…………………………………………………. 129 
 4.9.6 Path of Steepest Assent……………………………………………. 131 
 4.9.7    Solid Residue Characterization from Gold Cyanidation …………. 133 
4.10 Kinetics Consideration…………………………………………………….. 135 
 4.10.1 Gold Cyanidation Reaction Order………………………………… 136 
            4.10.1.1 First Order Reaction……………………………………… 137 
            4.10.1.2 Second Order Reaction…………………………………… 138 
 4.10.2 Van’t Hoff Differential Method……………………………………  139 
4.11 Gangue Minerals Cyanide Dissolution…………………………………….  142 
4.12 Process Optimization, Reaction Order and Rate Constant Determination 
of Gold Cyanidation………………………………………………………. 
145 
 
CHAPTER 5 – CONCLUSION AND RECOMMENDATIONS 
5.1 Conclusion………………………………………………………………… 146 











Appendix A………………………………………………………………………... 169 
Appendix B………………………………………………………………………... 176 
Appendix C………………………………………………………………………... 181 
Appendix D………………………………………………………………………... 188 
Appendix E………………………………………………………………………… 191 
 


















 LIST OF TABLES  
  Page 
Table 2.1 Gold bearing minerals with chemical formula 
 
12 
Table 2.2 Gold ore types and gold occurrence 
 
13 
Table 2.3 Standard potential for selected gold couples in aqueous 
solutions  
(Nicol et al., 1987; Lingane, 1962) 
 
15 
Table 2.4 Stability constants for a selection of complexes of gold (I) and 








Table 2.6 Table 2.6 Descriptions of chemical reagent used in the flux  
(Anderson, 2012; ALS Minerals) 
 
20 




Table 2.8 Gold concentration in different types of DIBK mixtures used in 
the solvent extraction in bottle roll test (Darrel Lim, 2011)  
 
52 
Table 3.1 Particle size distribution of the gold ore sample 
 
57 
Table 3.2 List of chemical reagents used  
 
58 















Table 3.6 Operating conditions of ICP-OES (Optima 7300 DV) 
 
72 
Table 3.7 Specific wavelength for elements of analysis 
 
72 




Table 3.9 Design matrix of cyanidation experiments generated in 
actual and coded variables 
 
75 
Table 3.10 Design matrix for path of steepest ascent 
 
76 
Table 4.1 Visual observation description of the rock gold ore samples 
 
80 




Table 4.3 Spectrometry results of gold extracted (g/t) from the gold ore 
sample using acid digestion method 
 
95 
Table 4.4 Elemental composition of XRF analysis results of the solid 
residue from acid digestion of the gold ore sample 
 
96 




Table 4.6 Neutron activation analysis results of gold concentration 
extracted from the gold ore sample 
 
100 
Table 4.7 FAAS and ICP-OES analysis of the concentration of free 






Table 4.8 Spectrometry results of the concentration of gangue minerals 
extracted from the gold ore sample 
 
102 
Table 4.9 Neutron activation analysis results of selected elements As, Fe 
and Al which present in the gold ore sample 
 
103 
Table 4.10 CHNS analysis results of element carbon and sulphur present in 
the gold ore sample 
 
103 




Table 4.12 Summary of gold ore samples assaying results  
 
104 
Table 4.13 Gold dissolution rate for cyanidation of the gold ore sample at 
varying concentrations of cyanide solution 
 
110 
Table 4.14 Gold Dissolution rate for cyanidation of the gold ore sample by 
varying hydrogen peroxide concentrations [Cyanidation 




Table 4.15 Gold Dissolution rate for cyanidation of the gold ore sample by 
varying lead nitrate concentrations [Cyanidation Conditions: 
400ppm cyanide solution; pH11; S:L = 1:3; room temperature] 
 
116 
Table 4.16 Experimental data of the design matrix generated by RSM - 




Table 4.17 ANOVA for various response surface models for gold extracted 
from the gold ore sample 
 
119 
Table 4.18 ANOVA for response surface linear model for gold extracted 




Table 4.19 Comparison of predicted and experimental value for the gold 
extracted from the gold ore sample 
 
130 
Table 4.20 Experimental data for path of steepest ascent exhibiting the 
vicinity of optimum condition for gold cyanidation 
 
132 












Table 4.24 Logarithm data of the % concentration of gold extracted and 
rate % of gold extracted from the gold ore sample 
 
140 
Table 4.25 ICP-OES analysis results of cyanide reflux-distillation of total 
gangue minerals leached out at the vicinity of optimum 













LIST OF FIGURES 
  Page 
Figure 1.1 Geological map showing mineral belts and primary gold 
occurrences in Peninsular Malaysia. 
 
3 
Figure 2.1 Example of chemical structure of gold oxidation state of (a) Au 
(I) and (b) Au (III) (ChemSpider, 2015). 
 
15 
Figure 2.2 Pourbaix diagram of Au-H2O-CN system at 25ºC 
(Concentration of all soluble gold species 10-4M). (Marsden 
and House, 1992) 
 
26 




Figure 2.4 Speciation of cyanide (CN) and hydrogen cyanide (HCN) in 




Figure 2.5 Pourbaix diagram for Fe-CN-H2O system at 25ºC (Marsden 
and House, 1992). 
 
36 
Figure 2.6 Pourbaix diagram for Fe-S-CN-H2O system at 25ºC (Marsden 
and House, 1992). 
 
36 
Figure 2.7 Pourbaix diagram for Fe-S-As-CN-H2O system at 25ºC 
(Marsden and House, 1992). 
 
37 
Figure 2.8 Pourbaix diagram for the Cu-S-CN-H2O system at 25ºC. 
 
38 
Figure 2.9 Central composite design involving three factors (X1, X2 and 
X3) (PennState, 2015). 
 
41 










Figure 3.2 Flowchart of main stages in the experimental research work. 
 
60 
Figure 3.3 Initial characterization of gold ore sample. 
 
60 
Figure 3.4 Chemical Assaying methods for the quantitative determination 
of gold in the gold ore sample. 
 
62 












Figure 4.1 Photographs of selected rock gold ore samples (a) sample 1, (b) 
sample 2 and (c) sample 3. 
 
79 
Figure 4.2 Microscopy images of minerals present in the gold ores sample 
with the magnification of 33X (Qz=Quartz; F=Iron oxides; 
Apy=Arsenopyrite;BF=Bright Field; DF=Dark Field). 
 
81 
Figure 4.3 SEM photomicrograph and EDX spectrums of the gold ore 
(polished section) samples showing the presence of (a) O, Al, 
Si and Au in labeled spot A and (b) Si and O in labeled spot B. 
 
84 
Figure 4.4 SEM photomicrograph and EDX spectrums of the gold ore 
(polished section) samples showing the presence of (a) Zr, Si, 
and O in labeled spot A (b) Si, O in labeled spot B and (c) O, 







Figure 4.5 SEM photomicrograph and EDX spectrums of the gold ore 
(polished section) samples showing the presence of (a) O, Al, 
Si, Au and K in labeled spot A (b) O, Cu and Si in labeled spot 
B(c) O, Al, Si, and K in labeled spot C and (d) O and Si in 
labeled spot D. 
 
86 
Figure 4.6 SEM photomicrograph and EDX spectrums of the gold ore 
(polished section) samples showing the presence of (a) Fe, As, 
S, Zr, Si, and O in spot A (b) Si and O and (c) Si, O, C, As, Fe, 
S and Al in spot labeled C. 
 
87 
Figure 4.7 SEM photomicrograph and EDX spectrum of the gold ore 




Figure 4.8 Photomicrograph of elemental X-ray mapping showing the 
elemental distribution of (a) O; (b) Si; (c) Fe; (d) Al and (e) 




Figure 4.9 Photomicrograph of elemental X-ray mapping showing the 
elemental distribution of (a) O; (b) As; (c) Fe; (d) S; (e) Si and 




Figure 4.10 XRD diffractogram showing the presence of silicon oxide (Q) 
and aluminum silicate (A) in the gold ore sample. 
 
93 
Figure 4.11 XRD diffractogram showing the presence of quartz (Q) in the 
solid residues from acid digestion of gold ore sample. 
 
96 
Figure 4.12 SEM photomicrograph and EDX spectrums of the solid residue 
from acid digestion showing the presence of (a) Si, Al, O and 






Figure 4.13 SEM photomicrograph and EDX spectrum of the solid residue 
obtained from fire assay parting showing the presence of Ag 
and Cl with the magnification of 500X. 
 
99 
Figure 4.14 Effect of particle size fractions towards the cyanide gold 
extraction. [Cyanidation condition: 400 ppm cyanide 
concentration, S:L = 1:3; pH 11] 
 
106 
Figure 4.15 SEM photomicrograph and EDX spectrums of powdered gold 
ore sample (90.0 % < 75µm) showing the flattening of the ore 
particles effect from grinding showing the presence of (a) O, 
Al, Si and Fe and (b) O, Al, Si and K. 
 
107 
Figure 4.16 Effect of cyanide concentration towards the cyanide gold 








Figure 4.18 Effect of hydrogen peroxide towards the cyanide gold 
extraction. 
[Cyanidation condition: 400 ppm and 500 ppm cyanide 
concentration, pH 11, S:L = 1:3] 
 
112 




Figure 4.20 Effect of lead (II) nitrate towards the gold cyanidation. 
[Cyanidation condition: 400 ppm and 500 ppm cyanide 
concentration; pH 11; S:L = 1:3; room temperature] 
 
115 








Figure 4.22 Normal probability plots of studentized residuals for gold 
extracted from the gold ore sample. 
 
122 
Figure 4.23 Normal plot of actual versus predicted value for gold extracted 
from the gold ore sample. 
 
122 
Figure 4.24 Studentized residual versus a) predicted value; b) run number; 
and factor c) hydrogen peroxide; d) lead nitrate and e) sodium 
cyanide for gold cyanidation extraction from gold ore sample. 
 
124 
Figure 4.25 Perturbation plot for gold extracted from the gold ore for the 
factors involved. [Reference Point: 0.009 M H2O2 (A); 100 
ppm Pb(NO3)2 (B); 400 ppm NaCN (C)] 
 
125 
Figure 4.26 One-factor plots of gold extracted at varying concentration of 
(a) hydrogen peroxide; (b) lead nitrate and (c) sodium cyanide. 
 
127 
Figure 4.27 Interaction graph of % gold extracted at 400 ppm NaCN. 
 
128 
Figure 4.28 Response surface linear model for gold extracted from 
cyanidation process at 400 ppm of NaCN with respect to 
concentration of hydrogen peroxide and lead nitrate. 
 
129 
Figure 4.29 Contour plot on gold extracted from the gold ore sample. 
 
130 




Figure 4.31 SEM photomicrograph and EDX spectrums of solid residues 
after cyanidation at the vicinity of optimum condition of the 
gold ore sample showing the presence of (a) O, Al, Si and K 
and (b) O, Al, Si and Fe. 
 
134 
Figure 4.32 XRD diffractogram of the solid residues from cyanidation of 
gold ore sample showing the presence of silicon oxide (Q) and 




Figure 4.33 Percentage of gold extracted from gold ore sample at (a) 467.3 
ppm NaCN, 94.96 ppm Pb(NO3)2 and 0.01M H2O2 (vicinity of 
optimum condition and (b) 467.27 ppm NaCN (control). 
 
136 
Figure 4.34 Graph of first order reaction of gold dissolution process. 
 
137 
Figure 4.35 Graph of second order reaction of gold dissolution process. 
 
138 
Figure 4.36 Variation of the % gold extracted from the cyanidation of gold 
ore sample with respect to time. 
 
140 
Figure 4.37 Log-log plot between the rate of gold extracted (v) and % of 
gold extracted. [where y = log V and x = log C] 
 
141 
Figure 4.38 ICP-OES analysis results of As, Cu, Fe, Ni and K in g/t from 

















µg/g Microgram per gram 
µm Micrometer 
2FI  2 Factor Interaction 
2Ɵ 2 theta (Scanning Range) 
ANOVA Analysis of Varians 
Apy Arsenopyrite 
ASTM American Society for Testing & Materials 
BF Bright Field 
C Percent Gold Extracted 
CCD Central Composite Design 
CHNS Carbon Hydrogen Nitrogen Sulfur  
DF Dark Field  
EDX Energy Dispersive X-Ray 
F Iron Oxides 
FAAS Flame Atomic Absorption Spectrometry 
gt-1 Gram per Tonne 
ICDD International Centre for Diffraction Data 
ICP-OES Inductive Coupled Plasma – Optical Emission Spectrometry   
k Rate Constant 
L Litre 
M Molarity  
N Total Number of Experiment  
n Number of factor under-studied 
xxii 
 
NAA Neutron Activation Analysis 
nc  Number of Center Point 
Pb-FA Lead Fire Assay 
ppm Part per Million 
PRESS Prediction Sum of Square 
Qz Quartz 
R2 Coefficient-Correlation 
RSM Respond Surface Methodology  
s Second 
S:L Solid Liquid Ratio 
SEM Scanning Electron Microscope 
t Time 
V Rate percent gold extracted 
vs Versus 
X Independent Variable  
XRD X-Ray Diffraction 
XRF X-Ray Fluorescence 
XRM X-Ray Mapping 
y Respond  







LIST OF SYMBOLS 
 
% Percentage 
< Less Than 
> More Than 
[  ] Concentration  
~ Approximately  
oC Degree of Celsius 
β Chemical Stability Constant  













KESAN HIDROGEN PEROKSIDA DAN PLUMBUM NITRAT DALAM 




 Bijih Au yang digunakan diperolehi daripada lombong bijih Au di Malaysia.  
Dalam proses pelarutlesapan sianida, keboleh-ekstrakan Au bergantung kepada sifat 
semulajadi bijih. Maka dengan itu, pencirian bijih melalui kajian mineralogi 
merupakan peringkat yang penting sebelum pengekstrakan Au. Kehadiran Fe, As, 
dan S telah dikesan dan taburan halus partikel Au dengan butiran bersaiz 10.0 µm 
didapati terperangkap dalam fasa aluminosilikat.  Au yang hadir (Au pukal yang larut 
- boleh ekstrak) dalam bijih bebas kisar dan refraktori telah ditentukan melalui 
kaedah pensianidaan diikuti dengan cerakin api. Sebanyak 1.9368 g/t Au terekstrak. 
Bijih Au  ini tidak mudah diekstrakkan dengan kaedah pensianidaan lazim 
disebabkan oleh kesan perencatan yang disebabkan oleh mineral sulfida. Oleh itu, 
H2O2 digunakan sebagai sumber O2 dan Pb(NO3)2 telah ditambah untuk menstabilkan 
Cu dan Fe daripada menjadikan permukaan Au itu pasif terhadap sianida.  Ujian 
awal pensianidaan dijalankan pada pH 11 dengan 33.3 % pepejal sebelum kajian 
pengoptimaan menggunakan kaedah respon permukaan-rekabentuk komposit 
berpusat. Rangkuman jarak keadaan optimum adalah pada 467.3 ppm NaCN, 94.96 
ppm Pb(NO3)2 dan 0.01M H2O2, dengan 1.7231 g/t (88.97%) Au terekstrak selepas 
menggunakan kaedah kenaikan mendadak. Pensianidaan lazim cuma boleh 
mengekstrak 62.02% Au, dimana ini menunjukkan Pb(NO3)2 and H2O2 membantu 
dalam pelarutan Au sianida. Dari kaedah perbezaan Van’t Hoff, tertib tindakbalas 
adalah tertib kedua dengan pemalar kadar 0.501/jam. Kompleks auro yang terbentuk 
xxv 
 
daripada tindakbalas pensianidaan adalah bergantung kepada kepekatan sianida dan 
O2 terlarut dari H2O2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
